Understanding the plasticity, robustness, and modularity of transcriptome expression to genetic 11 and environmental conditions is crucial to deciphering how organisms adapt in nature. To test 12 how genome architecture influences transcriptome profiles, we quantified expression responses 13 for distinct temperature-adapted genotypes of the nematode Caenorhabditis briggsae when 14 exposed to chronic temperature stresses throughout development. We found that 56% of the 15 8795 differentially-expressed genes show genotype-specific changes in expression in response 16
Introduction 33
Evolutionary adaptation to varying environmental conditions starts with genetic variability, often 34
with alternate alleles affecting gene regulation and expression. Consequently, understanding 35 the plasticity, robustness, and modularity of transcriptome responses to genetic and 36 environmental conditions is crucial to deciphering how organisms adapt in nature (Ungerer et al. 37 2007) . Gene expression represents the most basic level at which phenotypic plasticity to a 38 perturbation can manifest, and therefore underpins the degree of robustness of higher level 39 phenotypes in response to the same perturbation (de Visser et al. 2003; Flatt 2005) . Because 40 the transcriptome changes in response both to extrinsic factors (e.g. environmental inputs) and 41 to factors that are intrinsic to the organism itself (e.g. genetic background) (Gagneur et al. 2013; 42 Grishkevich & Yanai 2013), we must consider both extrinsic and intrinsic contributions in the 43 dynamism of genetic network composition and its genomic architecture. Consequently, it is 44 crucial to determine how much of the genome is expressed differentially in a plastic manner with 45 sensitivity to environmental conditions versus a genetically deterministic manner independently 46 of environmental conditions versus a non-additive combination of both (Grishkevich & Yanai 47 2013; Knowles et al. 2017 ). Moreover, it remains generally unclear how modular are distinct 48 gene expression responses and what characteristics of the genome predict their composition 49 and molecular evolution. These questions frame some of the key outstanding issues in 50 connecting transcriptome activity to environmental heterogeneity and the molecular evolution of 51 genomes. 52
Temperature conditions represent a pervasive extrinsic, environmental factor that influences 53 gene expression and can help reveal the relative roles of plasticity versus robustness of 54 transcriptome profiles (Causton et al. 2001; Smith et al. 2013 ). If expression plasticity is 55 adaptive, then we expect organisms to modulate their transcriptomes under chronic 56 developmental exposure to heat or cold stress in a coordinated way to maintain fitness. 57 However, homeostasis may break down at environmental extremes and lead to non-adaptive 58 changes in gene expression that simply reflect a 'broken' biological system. Pathways 59 associated with the heat shock response are implicated in physiological buffering to acute heat 60 stress (Lindquist & Craig 1988 ), but chronic sublethal heat stress may not activate this same 61 stress response. By characterizing profiles of transcriptome change to temperature conditions, 62
we can test the robustness of plastic responses to genetic divergence that reflects genomic 63 evolution in the control over gene expression. 64
Here we quantified transcriptome expression for C. briggsae nematodes from populations with 97 distinct genetic backgrounds adapted to temperature differences associated with their origins in 98
Tropical versus Temperate latitudes (Prasad et al. 2011; Stegeman et al. 2013; Poullet et al. 99 2015) . Global collections and population genomic analyses of C. briggsae wild isolates from 100
Tropical and Temperate regions show that they form distinct phylogeographic groups (Cutter et limits, as well as under benign thermal conditions, we characterize genotypic and 112 environmentally-induced differential gene expression across the genome. We then describe 113 transcriptome complexity in terms of co-expression modularity to reflect transcriptome plasticity 114 and robustness to environmental and genetic context, demonstrating distinctive genomic spatial 115 distributions, functional attributes, and rates of molecular evolution at the sequence level. 116
Materials and Methods

117
Experimental design and sequencing 118 To quantify the genome-wide effects of rearing temperature and genetic background on gene 119 expression, we isolated and sequenced mRNA transcriptomes from C. briggsae young adult 120 hermaphrodites of two isogenic strains (AF16 = "Tropical" strain, HK104 = "Temperate" strain) 121 that were reared under "chronic" exposure to 14°C (~150h), 20°C (~65h), and 30°C (~48h) 122 throughout their development from egg to adult. Previous generations of both genotypes had 123 been raised at benign 20°C prior to establishment of eggs for rearing at the treatment 124 temperatures following stage synchronization via standard Caenorhabditis sodium hypochlorite 125 ("bleaching") protocol (Stiernagle 1999) , avoiding potential transgenerational effects of stressful 126 temperature on gene expression. After reaching adulthood (checked for young gravid adult 127 hermaphrodites), total RNA was isolated with Trizol extraction and isopropanol precipitation (Tu 128 et al. 2015 
Read mapping and expression counts 142
For each sample, we mapped reads to the C. briggsae genome (WS253) using STAR (Dobin et 143 al. 2013) , setting the maximum intron size to 5000 bp which includes 99.6% of all intron 144 annotations in the C. briggsae reference genome. We applied a liberal mismatch rate of 10 to 145 accommodate potential mapping efficacy differences between the AF16 and HK104 strains due 146 to their genetic differences; the reference genome is based on the AF16 strain, so this liberal 147 parameter choice minimizes the potential for mapping to bias towards the Tropical genotype 148 that could inflate inference of differential expression due to genotype. Over 90% of the 894.4 149 million total reads mapped to unique locations, in all samples (except one replicate of HK104 at 150 30°C with 73.86% of 48.4 million reads mapping uniquely), with an average of 45.9 million reads 151 mapping per sample to unique locations ( Supplementary Table S1 ). 152
We then counted the number of reads that mapped to each exon annotated in the WS253 153 reference genome with htseq-count (Anders et al. 2013 ) and summed over all exons in a gene 154 to give a raw measure of expression for each gene in each sample. For our analysis, we 155 neglected alternative splicing isoforms, treating them as contributing to expression levels for the 156 same gene, and set the "mode" parameter in htseq-count to "intersection-nonempty" to resolve 157 ambiguity for overlapping genes (Anders et al. 2013 ). Among mapped reads, 82-85% were 158 assigned successfully to a particular gene among the 23,267 genes annotated in the WS253 C. 159 briggsae genome in all samples (again excepting one replicate of HK104 at 30°C, with 24.0 160 million = 58% of reads assigned to genes). Among the reads that were not assigned to genes, 161 most (9% on average) could not be associated with any exon or were counted in multiple 162 locations (8% on average) and less than 0.1% were ambiguous. 163 164 We first visualized gene expression counts in a Multi-Dimensional Scaling (MDS) plot 165 (Nikolayeva & Robinson 2014) , which showed strong clustering of most biological replicates 166 within a treatment and differentiation among treatments (Supplementary Figure S1 ). We then 167 retained only the subset of genes with at least 1 cpm (gene read count per million; using the 168 "cpm" function in edgeR (Robinson et al. 2010) ) in 3 or more libraries (i.e. in one biological 169 replicate) to exclude 7068 genes with extremely low expression that could bias downstream 170 analysis. It is possible that the genes filtered out at this step might exhibit higher expression at 171 different developmental stages, males, or alternative environmental conditions than those 172 assessed here. To test for statistical evidence of differential expression, we next transformed 173 the expression counts using limma and voom, which performs well in controlling Type I error 174 and in detecting true positives (Smyth 2005; Law et al. 2014; Ritchie et al. 2015) . Preliminary 175 analysis (not shown) found limma to be more conservative than edgeR for our dataset, so we 176 elected to use limma for downstream analysis. Upon applying the voom transformation from the 177 limma package to the remaining set of 16,199 genes, a Q-Q plot showed that the data closely 178 approximated a normal distribution (Supplementary Figure S1 ). 179
Differential expression analysis
We then tested these 16,199 genes for differential expression using limma by fitting a linear 180 model to the expression profile for each gene as: expression ~ strain + temperature + 181 strain*temperature interaction. We first tested for significance of the interaction term, and then 182 tested for significance of the main effect terms only if the interaction was non-significant. The 183 model intercept was set as expression for the Tropical strain at 20°C and P-values were 184 adjusted for multiple testing using the Benjamini-Hochberg correction with significance inferred 185 for a false discovery rate (FDR) of 0.05 (Benjamini & Hochberg 1995) . To distinguish which 186 genes responded to hot versus cold rearing conditions for genes with a significant effect of 187 temperature (either main effect or interaction effect), we performed post-hoc tests on the 188 individual temperature coefficients (FDR = 0.05). We then classified genes into five mutually 189 exclusive categories based on whether they showed significant differential expression due to 190 genotype (strain) only ("G only" genes), temperature only ("T only" genes), both genotype and 191 temperature as independent main effects (i.e. additive effects; "G&T" genes), a non-additive 192 interaction between genotype and temperature ("GxT" genes), or no differential expression ("no 193 DE" genes). 194 195 To capture distinct stereotypical profiles of gene expression differences in response to our 196 temperature and genotype treatments, we performed a co-expression clustering analysis using 197 the Weighted Gene Correlation Network Analysis (WGCNA) package (Langfelder & Horvath 198 2008) . Because WGCNA works best with normally distributed expression values, we again used 199 the voom-transformed expression values for the 16,199 filtered genes. A preliminary 200 hierarchical clustering analysis of the samples rejected batch effects as a source of 201 heterogeneity among samples, instead identifying both genotype and temperature as likely and 202 biologically interesting sources of variation in the data (Supplementary Figure S1 ). We 203 determined the best soft-thresholding power parameter for our data to be 30 (R 2 correlation with 204 a scale-free network topology = 0.75) based on fits across a range of values from 1 to 42 205 (Supplementary Figure S2 ), which also yielded an acceptable level of mean connectivity (k = 206 115), which is central to the assumptions of the WGCNA model (Zhang & Horvath 2005) . 207
Co-expression clustering of gene expression profiles
Running WGCNA yielded 124 initial clusters of genes with similar patterns of expression, which 208 we consolidated further by merging similar modules, defined as those with a correlation of 0.75 209 or higher with each other (Supplementary Figure S2 ). This procedure produced 22 co-210 expression modules plus one pseudo-module (M0) containing the 37 genes that could not be 211 Thomas et al. 2015 ). We therefore 226 tested whether gene profiles of differential expression or module affiliation were enriched in 227 particular chromosomal regions using Bonferroni-adjusted G-tests, defining arm-center 228 boundaries as in Ross et al. (2011) . Analyses of upstream intergenic lengths were log-229 transformed prior to analysis with ANOVA, excluding genes with overlapping positions in the 230 genome annotation. We used the transcription factor gene designations from (Haerty et al. 231 2008). We also cross-referenced differential expression categories and co-expression module 232 membership with Wormbase-defined C. elegans orthologs found have sex-biased differential 233 expression by Ortiz et al. (2014) , which we used to test for enrichment with G-tests. 234 sequences, excluding genes internal to operons (and using just the 5'-most or 3'-most operon 252 gene for upstream or downstream sequence, respectively). 1070 operons comprising 2573 253 genes were identified based on orthology and synteny with annotated C. elegans operons, as in 254 Tu et al. (2015) . We also calculated the per-bp incidence of SNPs for different genomic features 255 on a per-gene basis, including non-synonymous sites, synonymous sites, and introns, in 256 addition to the 500bp flanking regions, after masking non-covered and low-quality sites. The 257 effective number of codons (ENC) metric of biased codon usage was calculated for each gene 258 in the C. briggsae reference genome WS253 with codonw (J. Peden, 259 http://codonw.sourceforge.net). We used 6911 coding sequence divergence values (dN/dS') for 260 1-1 orthologs between C. briggsae and C. nigoni from Thomas et al. (2015) . 261
SNP and molecular evolution analysis
Results
262
Widespread genotype-and temperature-dependent differential gene expression 263 We tested for differential expression across the C. briggsae transcriptome in response to three 264 rearing temperature conditions and two genotypes, based on gene expression quantification 265 from 45.7 million uniquely-mapped RNA sequence reads for each triplicate sample on average 266 (824 million total mapped reads; Supplementary Table S1 ). Over half (54%, n=8795) of C. 267 briggsae genes analyzed showed significant differential expression due to genotype, 268 temperature, or both (16,199 genes tested after quality filtering for the genome's 21,827 269 annotated coding genes). The majority of these genes had a significant genotype-specific 270 response to temperature (n=4919 "GxT genes"; 56% of 8795 differentially expressed genes; 271 30.4% of all genes analyzed; Supplementary File S1) ( Figure 1A ). In contrast to this "complex" 272
GxT pattern, the remaining 3876 differentially expressed genes exhibited a "simple" 273 dependence on genotype, temperature, or additive effects of both (8.8% "G genes", n=770; 23% 274 "T genes", n=1987; 13% "G&T genes", n=1119 genes). Although 64% more genes overall 275 exhibited a simple plastic response to temperature than a deterministic response to genotype 276 (1987 + 1119 = 3106 vs 770 + 1119 = 1889), the abundance of genes with a complex GxT 277 interaction of both factors highlights the important roles of both environmental plasticity and 278 genetic determinism in transcriptome profiles ( Figure 1A) . 279
Distinct genetic responses to chronic heat versus cold stress
280 Genes with expression influenced by chronic cold stress (14°C) responded differently than 281 genes affected by chronic heat stress (30°C) in terms of the number of genes involved, whether 282 genes increased or decreased expression, and the magnitude of expression change. In 283 particular, cold stress affected expression of 74% of those genes with simple effects of 284 temperature relative to benign conditions at 20°C (2308 of the 3106 T and G&T genes), 285
whereas it was heat stress that altered expression of the plurality of GxT genes (2393 of 4919 286 genes, 49%) ( Figure 1B) . Among all these genes that responded to temperature in some way, 287 more genes showed reduced expression at cool temperatures and elevated expression at warm 288 temperatures, compared to benign conditions ( Figure 1C ; 1.05-fold reduction for T plus G&T 289 and 1.3-fold reduction for GxT at 14°C, 6.8-fold elevated for T plus G&T and 1.2-fold elevated 290
for GxT at 30°C). In terms of the magnitude of differential expression, chronic cold and heat 291 stress were similar for genes with simple expression dynamics (T and G&T genes; Figure 1D ; 292 6.1 to 6.5-fold increase for heat and cold; 3.0 to 3.7-fold decrease for heat and cold). The 293 magnitudes of elevated expression change for GxT genes, however, were much larger under 294 chronic heat stress than under chronic cold stress (hot 8.57-fold vs. cold 3.73-fold increase). 295
Reciprocally, GxT genes that decreased expression under chronic cold stress had a larger 296 magnitude change than under chronic heat stress (hot 6.50-fold vs. cold 9.19-fold decrease). 297
These observations support the idea that distinct genetic networks mediate response to cold 298 versus heat stress, rather than control by a single shared temperature stress response. 299 300 and genotype 301 We defined 22 co-expression clusters in the C. briggsae transcriptome with WGCNA to capture 302 modules showing distinctive patterns of differential gene expression in response to temperature 303 and genotype differences ( Figure 2, Figure 3 , Supplementary File S1). The stereotypical 304 expression profile for genes in each co-expression module is represented by its "module 305 eigengene," defined by the first principal component in expression space (Figure 3 ). These 306 eigengene profiles illustrate how a given module reflects a dominant trend of genotype-307 dependence (e.g. M10), temperature-dependence (e.g. M12), additive effects of genotype and 308 temperature (G&T, e.g. M4), or genotype-specific sensitivity to temperature (GxT, e.g. M22) 309 ( Figure 3 ). An average of 46% of genes in a module showed individually-significant differential 310 expression, ranging from a low of just 6% (M13) to a high of 84% (M15) ( Figure 3 , 311 Supplementary Figure S3 ). Genes with temperature-and genotype-specific differential 312 expression are concentrated within distinct subsets of modules ( Figure 3 ). Moreover, modules 313 differ in sequence characteristics and in their enrichment with sex-related differential gene 314 expression, as described below. 315 316 Genotype-dependent expression profiles predominate in just two modules (M7 and M10), which 317 together include 44% (n=342) of all 770 genes with significant 'genotype-only' differential 318 expression. Their eigengene expression profiles show limited dynamics across temperatures, 319 with expression for the Temperate HK104 genotype consistently higher than Tropical AF16 in 320 M7 and consistently lower in M10 (Figure 3 Figure 5A ). We 331 observed that genes in M10 also have the least consistent expression among replicates, with 332 very few gene members having orthologs with "oogenic" expression according to Ortiz et al. 333 (2014) ( Figure 4A ; Figure 5A ). These features imply weaker canalization of expression of genes 334 in M10, reflecting either weaker purifying selection or perhaps recent adaptive divergence in 335 average expression levels that has not yet fine-tuned expression variability. 336
Co-expression modules define gene sets with distinct sensitivities to temperature
Rapid molecular evolution in modules sensitive to genotype or temperature alone
By contrast to the pronounced genotype-dependent differential expression in modules M7 and 337 M10, two other modules each were comprised of >50% 'temperature-only genes' (M12, M15), 338 although they accounted for just 12% (n=247) of the 1987 total T-only gene set ( Figure 3 ). In 339 both modules, eigengene expression is highest at high rearing temperatures across genotypes 340 ( Figure 3 ). In addition, modules M6 and M4 also contained a large fraction of temperature-only 341 genes, and as large modules they also contain a large count of such genes (Figure 3 ). Modules 342 M12 and M15 have genes with the highest average rates of evolution (dN/dS') and that occur 343 only rarely in operons ( Figure 5 ). They also have among the lowest average expression levels 344 and codon usage bias ( Figure 5A ). Module M12 is highly enriched (3.7-fold) for orthologs with 345 an oogenic gene classification in C. elegans (Ortiz et al. 2014 ), whereas M15 is depleted of 346 such genes by having 2.6-fold fewer than expected ( Figure 4A ). Module M12 GO terms show 347 enrichment for genes associated with chromatin, like the ortholog of C. elegans cec-7, but with 348 just 8 such genes of the 245 in M12, it is unclear how distinctive a property this is. More 349 enigmatically, M15 shows no GO term enrichment, providing little clue as to whether these heat-350 sensitive and rapidly-evolving genes act in related functional pathways (Supplementary File S2). 351 Figure 4A ; Figure 5A ). Consistent with these 392 modules involving core biological functions, we also observed the distinctive features of M18 393 and M22 in having genes with the highest average expression and strongest codon usage bias, 394 while also having the strongest protein sequence conservation (lowest dN/dS') and the lowest 395 incidence of replacement-site SNPs (Figure 5; Supplementary Figure S5 ). 396
Sperm gene function associated with both temperature-and genotype-
Modules enriched for GxE and non-differential expression involved in core
The seven remaining co-expression modules consisted primarily of genes that lacked 397 individually significant differential expression, though their module eigengene profiles 398 nevertheless suggest important effects of genetic background and temperature on the 399 stereotypical expression profile (M8, M11, M13, M17, M19, M20, M21). Several of these 400 modules showed GO term enrichment for various metabolic processes (M8, M11, M17, M21) 401 and transcriptional or translational functions (M8, M11, M13, M20). Among these modules, M8, 402 M19 and M20 are extremely enriched for orthologs of "oogenic" genes from Ortiz et al. (2014) , 403 but include very few operonic genes ( Figure 4A ; Figure 5A ). M20 also has the highest incidence 404 of TFs (29%) among all co-expression modules, has low average expression, and is enriched 405 for genes on autosomal arms and on the X-chromosome (Figure 4 , Figure 5A , Supplementary 406 Figure S5 ). Genome-wide, TFs are more likely to show no differential expression than other 407 kinds of genes (no DE for 54.5% of TFs vs. 45.2% of other genes; G-test  2 =29.2, P<0.0001). 408
Module M21 is distinctive in having the highest incidence of genes in operons (60.4%), which 409 are extremely rare on autosomal arms and the X-chromosome (Figure 4, Figure 5A ). The 96 410 genes in M21 have extremely consistent expression across replicates, with most showing no 411 individually-significant differential expression due to either temperature or genotype (Figure 3 ; 412 Figure 5A ). In C. elegans, these features are typical of genes that are expressed constitutively 413 across development . 414 Genomic position and differential gene expression 415 We hypothesized that genomic architectural and molecular evolutionary features might lead to 416 local enrichment of genes with genotype-dependent differential-expression. For example, SNP 417 variation is greater in the high recombination arm domains of autosomes in C. briggsae 418 (Thomas et al. 2015) , and the X-chromosome exhibits a variety of distinctive features compared 419 to autosomes (Ross et al. 2011; Cutter 2018 ). Therefore, we tested for non-random distributions 420 of differentially-expressed genes along chromosomes and between chromosomes. We found 421 that autosome arm domains contained 22% more genes with genotype-dependent expression 422 than expected by chance, and also were slightly enriched for GxT genes (1.04-fold; Figure 1B) . 423
Chromosome arms of C. elegans also have been reported to contain a disproportionate 424 representation of genes with genotype-dependent differential expression (Denver et al. 2005; 425 Rockman et al. 2010; Grishkevich et al. 2012) . By contrast, it was center domains that 426 contained 15% more G&T genes than expected ( Figure 1B) . Temperature-only genes and 427 genes with no differential expression were randomly distributed between arm and center 428 domains ( Figure 1B) . Among the 22 co-expression modules, we observed 9 modules to have 429 significant enrichment in arms and 5 enriched in center domains of autosomes ( Figure 4B ). 430
Thus, gene expression profiles are not spatially independent and genome structural features 431 yield predictable patterns of differential expression within and between chromosomes. 432
We also found the X-chromosome to be enriched for genes with significant differential 433 expression due to genetic background (G-only genes) as well as for genes with no individually-434 significant differential expression (X under-representation for G&T and GxT genes; Figure 1B) . 435 X-linked biases also held true for co-expression modules (X enriched for 8 modules, autosomes 436 enriched for 8 modules; Figure 4B ). Genes from module M21, in particular, are virtually absent 437 from the X-chromosome ( Figure 4B ), likely associated with the prevalence of operon genes in 438 this co-expression module that also tend to be exceptionally rare on the X-chromosome 439 (Blumenthal et al. 2002; Reinke & Cutter 2009 ). Chromosomes II and IV were distinctive in 440 having no module with significant enrichment or under-enrichment of genes (Supplementary 441 Figure S4 ). Other autosomes, however, were especially enriched (or under-enriched) for genes 442 in particular modules, for example, genes from M21 were 2.3-fold enriched on Chromosome III 443 and genes from M16 were 2.0-fold enriched on Chromosome V (Supplementary Figure S4) . 444
Given the extreme enrichment on Chromosome V for M16 and its genotype-specific expression 445 response at 30°C (Figure 3) , it is notable that a quantitative trait locus (QTL) mapping study in 446 C. briggsae found QTL on Chromosome V to control differences in heat-sensitive movement 447 behaviors (Stegeman et al. 2019) . 448
In C. elegans, loci with genotype-dependent expression tend to have longer upstream intergenic 449 regions, interpreted as being consistent with more complex cis-regulation of these genes 450 autosomal centers with no differential expression also had longer upstream intergenic lengths 459
than T-only genes and were not significantly different in length to GxT genes or G&T genes. We 460 also find significant variation among co-expression modules in upstream intergenic length (arm 461 ANOVA F22,5635=13.59, P<0.0001; center ANOVA F22,6392=15.48, P<0.0001), but observe no 462 clear trend between length and the relative composition of genotype-or temperature-dependent 463 genes. Thus, our analysis of C. briggsae upstream length distributions does not strongly support 464 the notion that loci with genotype-dependent differential expression have more complex cis-465 regulatory controls. 466 Genome structure drives SNP associations with differential expression 467 We quantified the incidence of single-nucleotide polymorphisms (SNP) for the 761,531 SNPs 468 between the AF16 and HK104 genomic backgrounds in 500bp upstream and downstream 469 flanking regions of coding sequences, as promoter regions tend to be in close proximity to 470 coding sequences in Caenorhabditis (Saito et al. 2013) . We found zero upstream SNPs for 471 26.2% of the 16,167 genes that had expression and genomic coverage in both AF16 and 472 HK104 (23.0% G-only, 30.9% G+T, 25.6% GxT). Such genes should have no role for cis-acting 473
SNPs, suggesting this value as a lower-bound estimate for the incidence of entirely trans-acting 474 regulatory differences that may alter genotype-dependent expression. Moreover, of 475 differentially-expressed genes affected by genotype, 32.6% have zero downstream SNPs, 476 20.3% have zero intronic SNPs, and 18.6% have zero SNPs in the coding sequence, also 477 consistent with a major role of trans-regulatory control being responsible for the genotype-478 dependence of differential expression. Consistent with this idea, C. elegans shows a 479 predominant role of trans-regulatory control in genotype-dependent differential expression to 480 acute heat stress (Snoek et al. 2017) . 481
We further predicted that an important role of cis-acting SNPs would be most evident by their 482 enrichment in association with G-only genes (as well as G&T genes and GxT genes), whereas 483 SNPs would be underrepresented in genes with no differential expression or T-only profiles. 484
Genome-wide, we did observe significant differences among differential expression categories 485 in the incidence of SNPs in upstream (ANOVA F4,16141=7.63, P<0.0001), downstream 486 (F4,16141=4.75, P=0.0008), and intronic portions of coding genes (F4,16141=7.82, P<0.0001). 487
Overall, G-only genes have significantly higher SNP densities than other expression classes at 488 replacement sites, synonymous sites, introns and flanking sequences and genes with a GxT 489 pattern of differential expression had a greater density of SNPs than T-only genes only in 490 introns. These results mirror the report by Grishkevich et al. (2012) for C. elegans that SNPs are 491 enriched in promoters of genes with genotype-dependent differential expression. 492
Our findings therefore superficially support the idea of a key role for cis-acting SNPs controlling 493 genotype-dependent differential expression. However, we observed that this trend is driven 494 primarily by the enrichment of G-only genes in chromosome arms ( Figure 1B) , where SNPs are 495 disproportionately abundant for both functionally-constrained and unconstrained sites (Thomas 496 et al. 2015) . When we account for genomic region, SNP density remains elevated for G-only 497 genes among genes in autosomal centers but not in arms (ANOVA F4,6729=3.60, P=0.0062, G-498 only > other gene classes with Tukey HSD post-hoc test; Figure 5C ). Thus, genome structure is 499 an important determinant of inferences about cis-acting regulators of genotype-dependent 500 differential expression. We hypothesize that the SNPs in upstream regions of genes in the "SNP 501 deserts" of chromosome centers are more likely to represent causal regulatory variants that 502 modulate gene expression. 503 genes (in both chromosome arms and centers), consistent with these genes having strongest 507 selective constraint that most effectively eliminates new mutations ( Figure 5C ). Weaker 508 selective constraint among genes with genotype-dependent differential expression that allows 509 mutations to accumulate could result in their excess of coding SNPs. However, replacement-site 510 divergence between species, which reflects a longer timescale of evolution, is no different 511 between G-only genes and non-differentially expressed genes (median G-only dN/dS' = 0.0580, 512 no DE dN/dS' = 0.0511; no significant difference from Tukey's post-hoc test on log-transformed 513 values). These contrasting patterns for the scale of divergence between phylogeographic 514 groups and between species suggest that relaxed selection on G-only genes might be 515 evolutionarily recent or that adaptive divergence between Temperate and Tropical 516 phylogeographic groups of C. briggsae contribute disproportionately to loci with genotype-517 dependent differential expression. 518 Consistent with the idea that genes and modules with many SNPs are subject to weaker 519 selective constraints, co-expression modules with high average coding SNP density have low 520 average expression and weak codon usage bias ( Figure 5A ; Figure 5B ; Supplementary Figure  521   S5 ). Associations were weaker for non-coding flanking regions (Supplementary Figure S5) . 522
Molecular evolution is decoupled between coding and regulatory sequence
Modules M10, M16, M12 and M15 were most enriched for coding SNPs (Figure 5B ), also 523 exhibiting among the lowest average expression and codon bias. Modules with high coding SNP 524 density also show high long-term molecular evolutionary divergence between species (dN/dS'; 525 Figure 5B ), further implicating their constituent genes being subject to weaker selective 526 constraints, or potentially, a greater incidence of adaptive divergence. 527
Finally, we tested for molecular evolutionary correspondence between coding and non-coding 528 sequence. First, we found that SNPs and interspecies divergence correlate positively across 529 genes for replacement sites, consistent with concordant pressures of purifying selection at both 530 short and long evolutionary timescales on coding sequences (log-transformed nonsynonymous and 531 dN/dS', F1,5741 = 646.7, P<0.0001). However, interspecies divergence in coding sequence did 532 not correlate with SNP density in non-coding sequences (Supplementary Figure S6) . When we 533
analyzed average values for co-expression modules instead of per-gene values, however, we 534 observe positive correlations of non-coding SNP density with both coding SNPs and 535 interspecies divergence (Supplementary Figure S6 ), suggesting that the distinct gene contents 536 and genomic locations of genes among modules partly contributes to the coding-noncoding 537 correspondence at the module level. Overall, these observations support the idea that selection 538 pressures are largely decoupled between coding sequences and non-coding flanking 539 sequences that contain regulatory elements. 540 541 We hypothesized that if heat shock proteins (hsp) modulate transcriptomic responses to chronic 542 temperature stress then we would detect disproportionate differential expression for hsp genes. 543
Muted differential expression role among heat shock proteins
Of the 24 hsp genes in our expression dataset, only 8 showed significant differential expression, 544 which is less than the genome overall (33% vs. 54%; G-test  2 = 4.267, df = 1, P = 0.039), and 545 similar to the genome in differential expression categories (Fisher Exact Test, P = 0.35). This 546 suggests that hsp genes may play a lesser role in temperature stress experienced chronically 547 across development, despite their profound importance to maintaining homeostasis in the face 548 of acute heat stress (Lindquist & Craig 1988) ; even with acute heat shock, however, few genes 549
show consistent upregulation in C. elegans (GuhaThakurta et al. 2002) . 550
Discussion
551
The C. briggsae transcriptome shows widespread differential expression arising from distinct 552 chronic temperatures over development and from distinct genotypes representative of 553 phylogeographic groups from Tropical versus Temperate parts of the world, altering expression 554 for over half of its genes. Genotype-specific responses to temperature represent the most 555 common kind of differential expression (i.e. non-additive genotype-by-environment interactions), 556 with less than a quarter of differentially-expressed genes being sensitive to temperature alone 557 or genotype alone. Our temperature and genotype conditions cluster transcriptome responses 558 into 22 co-expression modules, each comprised of genes with distinctive functional and 559 evolutionary properties that reveal an important role for genome structure in transcriptomic 560 patterns of differential expression. 561
The influence of genome structure in differential expression profiles 562 We found that genome structure plays an important role in shaping the landscape of differential 563 expression of the C. briggsae transcriptome, and in the molecular evolutionary features of the 564 corresponding genes. Transcriptome profiles cluster within and between chromosomes, making 565 them susceptible to cryptic correlations with other non-random genomic features. For example, 566
genes showing genotype-dependent expression were enriched on C. briggsae chromosomal 567 arms, genomic regions that also are rich in SNPs and with high rates of recombination (Ross et 568 al. 2011; Thomas et al. 2015) . This pattern is reminiscent of the excess of eQTL and loci with 569 genotype-dependent expression on C. elegans chromosome arms (Denver et al. 2005; 570 Rockman et al. 2010; Grishkevich et al. 2012) . One possibility is that direct selection drives this 571 pattern, as could occur from either adaptive divergence being more prevalent or from purifying 572 selection being weaker for genes on high recombination arms. Alternatively, it might result as a 573 byproduct of linked selection, known to be potent in the C. briggsae genome (Cutter & Choi 574 2010; Thomas et al. 2015) , whereby elimination of polymorphisms from low recombination 575 centers simply leads to few loci with the potential to show genotype-dependent differential 576 expression. 577
The higher recombination rate of arm regions means that natural selection favoring a given 578 allele at one locus will be subject to less interference from selection at other loci in the genome 579 (Hill & Robertson 1966; Comeron et al. 2008; Cutter & Payseur 2013) . Experiments implicate 580 temperature-related adaptive divergence between C. briggsae genotypes from Tropical and 581 Temperate latitudes (Prasad et al. 2011) . Consequently, gene-specific adaptation to distinct 582 ecological conditions should operate more efficiently for genes on arms, which might yield the 583 enrichment of genotype-dependent expression on arms as well as the more rapid sequence 584 evolution of genes on arms. However, it is difficult to exclude a role of linked selection, as the 585 high self-fertilization in C. briggsae leaves a substantial imprint on genomic patterns of variation 586 for both synonymous and non-synonymous polymorphisms (Cutter & Choi 2010; Thomas et al. 587 2015) . Moreover, if our observations of genotype-dependent differential expression depend 588 primarily on a small number distant trans-acting upstream regulators that influence many target 589 loci (rather than local cis-acting allelic variants for many genes), then the bias toward 590 chromosome arms of differentially-expressed genes might simply be a byproduct of non-random 591 distributions of gene functions encoded across the genome. 592
Sequence conservation and regulatory controls 593
The three co-expression modules with the strongest coding sequence conservation also have 594 the highest make-up of GxT genes, which exhibit crossing reaction norms and very high 595 average expression as well as functional enrichment of core biological processes (M14, M18, 596 M22). This finding of especially strong purifying selection implicates either adaptive plasticity in 597 the expression control of these modules or unusually low robustness of expression levels to 598 perturbation from both genotypic and environmental sources. At the other end of the spectrum, 599 modules displaying the highest average rates of sequence evolution have the lowest overall 600 expression and the most pronounced dependence on genotype alone (M10) or temperature 601 alone (M12 and M15). These findings are consistent with expression level as a key determinant 602 of rates of coding sequence evolution, with faster molecular evolution of weakly expressed 603 genes. Similarly, C. elegans genes showing non-interaction differential expression tend to have 604 low expression levels (Grishkevich et al. 2012 ). These results can be explained by weaker 605 purifying selection on low-expression genes, though it remains possible that adaptive change 606 might also play a disproportionate role in their molecular evolution. 607
Among genes located in chromosome centers, those with genotype-dependent differential 608 expression are enriched for SNPs in upstream non-coding regions, consistent with local cis-609 acting alleles affecting their expression. However, long-term coding sequence divergence 610 correlates poorly with non-coding SNP density across genes, implying that the strength of 611 selection on coding sequence variation may be decoupled from cis-regulatory genetic variation 612 622 We found that module M5 was unique in having a large representation of sperm-related genes 623 among its orthologs to C. elegans genes with spermatogenesis-enriched function. It includes 624 overrepresentation of genes with phosophatase/kinase activity and is associated with glycogen 625 metabolism, which previous studies show to be especially important in sperm function (Reinke 626 Opposite to the rarity of operon genes in sperm-enriched module M5, fully 60% of the genes in 635 module M21 occurred in operons and yet less than 17% of them had individually significant 636 differential expression. Overall, genes in operons were much less likely to show significant 637 differential expression than non-operon genes (43% of operon vs. 56% of non-operon genes; 638
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Fisher exact text P<0.0001). C. elegans operon genes, most of which are conserved in C. 645 In C. elegans and C. remanei, plasticity dominates the transcriptome response to temperature 646 stress, at least in terms of acute heat shock (Jovic et al. 2017; Sikkink et al. 2019) . We also 647 found in C. briggsae that over 90% of differentially-expressed genes changed at least in part 648 due to temperature, but more commonly due to chronic cool rather than warm conditions. If 649 environment-dependent expression responses reflect adaptive plasticity, then our observations 650 suggest stronger canalization of stereotyped cool-rearing expression responses. While the large 651 number of such differentially-expressed genes does not pinpoint the key determinants of 652 temperature-dependent adaptive divergence, we can nevertheless largely rule out the nearly 653 9500 genes in the genome that show temperature-only effects or no differential expression. Our 654 analysis of C. briggsae finds a stronger signal of genotype-dependent differential gene 655 expression than the C. remanei study, perhaps reflecting the longer period of divergence 656 between AF16 and HK104 than between the experimental evolution lines for C. remanei, in 657 addition to technical differences between the studies (Sikkink et al. 2019 Phylogenetic comparative analysis of differential expression among genotypes and 661 environments could prove fruitful in deciphering whether shared gene networks across species 662 provide common substrate for adaptive divergence and adaptive plasticity in organismal 663 responses to chronic and acute temperature stress. 664
Plasticity versus adaptive divergence in expression profiles
Conclusions 665 Genome-wide differential gene expression is sensitive to both extrinsic temperature conditions 666 and to intrinsic genomic background in the nematode C. briggsae, with co-expression modules 667 defining distinctive functional features, genomic distributions and molecular evolutionary 668 patterns of their constituent genes. Most genotype-specific responses occur under heat stress, 669
indicating that cold versus heat stress responses involve distinct genomic architectures. Co-670 expression modules associated with reproductive function, and which exhibit strong sensitivity 671 to both temperature and genotype, provide candidates for adaptive divergence between 672
Temperate and Tropical phylogeographic groups of C. briggsae. The fastest-evolving protein 673 coding sequences correspond to a predominant influence of temperature alone or genotype 674 alone, and have overall low levels of expression across conditions. However, chromosome-675 scale patterning of nucleotide differences is a key predictor of SNP content of genes, 676 undermining gene-centric causes and cis-regulatory inferences for SNP differences across 677 differential-expression classes of genes. These findings highlight the powerful way that genome 678 structure can influence transcriptome profiles to make them susceptible to cryptic correlations 679 with other non-random genomic features. 680 gene number). Most DE genes had significant interaction effects (55.9% "GxT"), whereas 12.6% 884 of DE genes had independent additive effects of both genotype and rearing temperature 885 ("G&T"). Other DE genes showed effects of genotype alone or rearing temperature treatments 886 alone (8.8% "G only"; 22.6% "T only"). (B) G-only and GxT genes are significantly enriched on 887 autosomal arms, whereas G&T genes are enriched in autosomal centers (colors as in A; * 888
indicates G-test Bonferroni corrected P<0.05). Genes with G-only or no differential expression 889
("no DE") are enriched on the X-chromosome, whereas genes with GxT and G&T patterns of 890 differential expression are underrepresented on the X-chromosome (* indicates G-test 891
Bonferroni corrected P<0.05). (C) Similar proportions of GxT genes increase vs decrease 892 expression at a given stressful rearing temperature relative to benign 20°C (filled vs empty 893 orange triangles within a temperature condition), but fewer GxT genes show expression 894 differences for cool rearing than for hot rearing (orange triangles for 14°C vs 30°C). By contrast, 895
genes with a non-interacting effect of temperature on expression (T only and G&T genes) show 896 disproportionate response to cool rearing (blue triangles for 14°C vs all other triangles). (D) The 897 magnitude of expression change is similar for genes with a non-interacting effect of temperature 898 (T only and G&T genes) under chronic cold stress and chronic heat stress (blue boxes for 14°C 899 vs 30°C; median with interquartile range, whiskers show 1.5x interquartile range). For GxT 900 genes, however, the magnitude of expression increase is greater under heat stress than cold 901 stress (orange boxes for 14°C vs 30°C). 902 representation of genes with individually-significant patterns of differential expression (cf. Figure  917 1); modules with highest incidence of T-only genes indicated with blue (M12, M15), G-only 918 genes in red (M7, M10), G&T genes (M4, M5), and GxT genes with crossing or non-crossing 919 reaction norms (M9, M14, M18, M22; M1, M2, M3, M16) (Supplementary Figure S3 ). 920 with high expression profiles tend to contain genes with stronger codon usage bias, greater 937 sequence constraint (low dN/dS'), and more operons. (B) Modules with gene orthologs having 938 little coding sequence divergence between C. briggsae and C. nigoni also have low densities of 939 replacement-site SNPs in coding sequences. Coloring of module names in A and B corresponds 940 to differential enrichment patterns indicated in Figure 3 (blue, T only; red, G only; purple, G&T; 941 orange = GxT with crossing reaction norm profile; yellow, GxT with non-crossing reaction norm; 942 gray, black, differential expression). (C) Among genes with distinctive profiles of individually-943 significant differential expression, linkage to autosomal arms versus centers represents the 944 primary driver of SNP variation with little difference among DE categories for a given genomic 945 site type (1kb upstream of CDS, intronic, 1kb downstream of CDS, synonymous sites). 946
